The economics of human nutrition has changed greatly in recent years, as researchers have moved beyond supply and demand of specific foods and total calories to functional aspects of diet quality such as nutrient composition, sustainability and a variety of credence attributes. New kinds of data and methods allow researchers to focus on beneficial or harmful attributes of dietary patterns, and the cost-effectiveness of interventions aimed at improving health through diet. This review describes some of the recent literature in nutrition economics and its implications for food policy around the world. The new economics of nutrition is benefiting from a strong foundation in the behavioral and social sciences, building on evidence from the natural and health sciences to address fundamental aspects of human well-being and sustainable development.
Introduction
Recent changes in food consumption and scientific knowledge about its consequences has led to an explosion of new research in the economics of nutrition. This review offers a synthesis of recent findings, summarizing a fragmented literature that spans disparate subfields in the health and social sciences. We aim to overcome differences in terminology across fields and provide a unified summary of interest to both economists and nutritionists, spanning the major economic causes and consequences of dietary intake from the highest-to lowest-income settings around the world.
The work summarized here focuses on the past decade but has deep historical roots: Economics derives from the ancient Greek term for household management, and modern methods of economic analysis were developed in large part through debates about how best to meet society's food needs, starting with Adam Smith on the British Corn Laws in The Wealth of Nations (1776), Thomas Malthus on aid to the poor in his Essay on Population (1798), and David Ricardo on food trade in Principles of Political Economy and Taxation (1817) . Much of contemporary economic statistics began with analyses of farm production and commodity prices, and our understanding of the political influences on economic policy is heavily informed by analysis of agricultural interests and food policy over the 20 th century.
For almost all of history, food economics was concerned with meeting consumer demand in a world of widespread hunger and poverty. There was little concern or knowledge about how excess consumption might affect health until the close of the 20 th century, when rising obesity and dietrelated conditions alongside continued undernutrition came to dominate the global burden of disease. To address that challenge, the economics of nutrition has moved quickly away from examining demand for individual foods, calories or nutrients, towards a richer understanding of long-term effects (e.g. Alderman et al. 2006) , societal influences on food preferences (e.g. Lusk 2018) , and the diverse aspects of diet quality as well-being improves (e.g. Beatty et al. 2014) .
In this literature review, we describe and synthesize recent work that examines how the dietary patterns of individuals, families and communities respond to changes in incomes, prices, and preferences about food attributes. We aim to complement textbook treatments such as Davis and Serrano (2016) or Babu et al. (2017) , placing recent findings in a broader context and thereby demonstrate that:
1. Nutrition research can benefit from economic explanations of individual behavior and societal outcomes, just as economics research can benefit from nutrition science to understand the causes and consequences of dietary intake; 2. The field of nutrition economics has evolved from focusing on total calories and individual foods towards a richer understanding of nutritional well-being; and 3. There is great potential for future collaboration among economists and nutritionists, using new data and new methods to solve a wide range of diet-related problems around the world.
Nutrition, defined broadly by the Oxford Dictionaries (2018) as "the process of providing or obtaining the food necessary for health and growth", has attracted a growing range of scholars and analysts from diverse disciplines and institutions, examining many different aspects of the food system from production to consumption and back. In their recent review of how food systems can become more sensitive to health concerns, Pingali and Sunder (2017) describe the great variation among countries in how different policies influence food production and trade, processing and formulation as well as retail marketing and food consumption. Despite recent advancements in understanding the determinants of nutritional status around the world, knowledge of what shapes dietary choices around the world is limited, especially in low-and middle-income countries.
This literature review describes how economists explain, predict and interpret nutritional differences, including the many changes associated with economic development that are collectively known as the nutrition transition (Popkin 2017) . The nutrition transition can be succinctly illustrated using FAO (2018) estimates of the foods available for human consumption in every country, shown in Figure 1 below. These estimates are obtained from national statistical agencies' estimates of total production for each type of food, plus recorded imports, minus exports and an estimate of the quantity used as seed, feed, fuel and other uses including loss and waste outside the household, divided by the official UN estimate of total population since 1961. Figure 1 reveals how the world has shifted over time from increasing calories per capita on the horizontal axis, to more dietary diversity beyond cereal grains and other starchy staples along the vertical axis. These administrative and census data differ somewhat from survey measures of household food use and individual dietary intake (Del Gobbo et al. 2015) , and also differ from modeled estimates of human energy use based on anthropometric data (Hic et al. 2016 ), as total food use shown in Figure 1 may differ from dietary intake due to variation in the degree to which food is discarded or fed to domestic animals. There is also wide variation in direct measures of dietary intake, due to sampling errors and recall methods that affect survey data (Micha et al. 2017) . The dietary transition seen in Figure 1 is known in economics as Bennett's Law (Norton et al. 2014 ), and has been described as progressing through five stages (Popkin & Gordon-Larsen, 2004) shown here as horizontal movements in the lower-left quadrant of the figure, through increases in both dietary diversity and total calorie intake, to reversal of over-consumption in the top-right quadrant.
The causes and consequences of the changes illustrated in Figure 1 are of interest to economists and policymakers for two main reasons. The first is health, through which nutrition affects education, labor productivity and human capital formation. Poor diet quality has long been the greatest avoidable cause of death and disability, first through the increased vulnerability to infectious disease especially in childhood (Black et al. 2013) , and then through cardiometabolic or other noncommunicable diseases in later life . All forms of malnutrition coexist at various levels, and are linked to a wide range of health disparities (Perez-Escamilla et al. 2018) . A second set of concerns about human nutrition are environmental, given that food production is the largest single contributor to natural resource use, pollution and especially carbon emissions (Blackstone et al. 2018; Tilman and Clark 2014) . Climate change and other environmental factors affect food supplies, through both long-term trends and more frequent extremes such as droughts and floods.
The economics of nutrition addresses the interaction of income and prices with food needs and preferences. This review describes how economics applied to nutrition has progressed from demand for food and total calories towards a multidimensional understanding of macronutrients, micronutrients, and non-nutrient attributes of foods, as they interact with disease and the environment to influence well-being. Given the vast size of the underlying literature, we focus primarily on articles and systematic reviews regarding overall diet quality and dietary patterns (Hu 2002) , rather than studies of single foods or nutrients. We do not aim to review the literature comprehensively within each sub-field. Instead, we begin with terminology and visualization of how nutritionists and economists approach the study of dietary intake, then review selected findings on biomedical determinants of nutritional status, followed by economic influences on dietary choices, split into three sub-sections: incomes, prices, and preferences, before turning to promising new lines of research on how these factors interact with changes in human health and the environment.
The new economics of nutrition
In the U.S. and elsewhere, the term nutritionist is linked to the practice of dietetics, meaning the provision of nutritional advice focused on dietary assessment and behavior of individuals and groups (Bureau of Labor Statistics, 2018) . Research on outcomes for entire communities or populations is generally called public health nutrition, which includes work in social psychology and the social determinants of health. This review aims not only to inform economists about nutrition but also vice-versa, recognizing that, as noted by Angus Deaton in his Nobel Prize acceptance lecture: "Even on the subject of food and well-being, one of the oldest topics in economics, much remains unresolved" (Deaton 2016) . Advances depend heavily on findings from nutrition science, meaning laboratory studies of how nutrients and other attributes of food are transformed in living organisms, as well as nutritional epidemiology, meaning experimental and observational studies of how nutrients, foods, and dietary patterns relate to human health outcomes. All kinds of nutritional research also draw heavily on food science, meaning laboratory and field studies of the nutrients and biological or chemical contaminants found in foods before and after processing, and a wide variety of agricultural and environmental sciences about how foods are produced and interact with other things, as well as nutritional anthropology and studies of societal influences on health behavior known as the social determinants of health.
Research in each field advances not only by gathering new data, but also interpreting existing data in new ways. Different researchers bring different conceptual frameworks to their understanding of potential mechanisms behind the data, and the hypotheses to be tested in any new study. The mechanistic models used in nutrition science involve physiology, and the biochemical and metabolic pathways through which foods are transformed within the body. When described in textbooks or lecture slides, underlying mechanisms may be illustrated with photographs or diagrams, and drawn using symbols and arrows that show cause and effect over time such the citric acid cycle in biochemistry. For research on social determinants of health, as in Mayen et al. (2014) , the underlying mechanisms may be drawn using left-to-right arrows illustrating the passage of time, or the concentric circles approach of Bronfenbrenner (1979) , vertical arrows from underlying to proximate causes of malnutrition as in UNICEF (1990) , or circular feedback loops in system dynamic models following Forrester (2007) .
One example of a conceptual framework diagram that might be used in public health nutrition is presented below in Figure 2 for the determinants of stunting, a condition in which a child is too short for his or her age and which is associated with reduced earnings capacity, reduced educational attainment, reduced cognitive development (Sudfeld et al. 2015; Black et al. 2015; Alderman and Fernald 2017) , and poorer physical health throughout life. 
Underlying causes
Household factors Individual status Figure 2 illustrates some commonly-used features of conceptual frameworks in public health nutrition. A set of potentially observable variables such as education are linked by potentially causal arrows to a set of other potentially observable variables such as child care practices, with visual cues such as darker colors and different shapes to show the hypothesized structure of the relationship. Given this framework, specific relationships can then be tested using randomized trials, observational studies, or simulation models of various kinds, with vibrant debate about the appropriate standards of evidence for clinical or policy implications.
Analyzing the pathways shown in Figure 2 using economic research methods involves a different kind of conceptual framework. The economics approach starts with a frictionless benchmark model of individual choice and social interactions, and then adds specific features tailored to particular circumstances. A typical causal framework to explain and predict individuals' food choices can be illustrated in a two-dimensional diagram such as Figure 3 In the causal framework illustrated by Figure 3 , observed quantities are explained as having been chosen by people to reach the highest level of well-being they can afford. This approach allows economists to make testable predictions, estimate model parameters and infer changes in well-being associated with changes in peoples' circumstances. The example here shows intake of fruits and vegetables along the horizontal axis, and consumption of all other goods and services along the vertical axis, to illustrate the consequences of an increase in the cost of fruit and vegetables. When the consumer's income and cost of other things remains unchanged, the vertical intercept of the dashed budget line remains unchanged, but its slope becomes steeper as they can afford less of fruits and vegetables. The predicted outcome is that consumers might choose to consume less fruit and vegetables, but also less of other things as the price rise reduces their level of well-being as shown by the dashed indifference curve.
The purpose of this causal framework is to disentangle observed changes in consumption into distinct causal mechanisms, shown here in two dimensions: a hypothetical pure substitution effect along each indifference curve if well-being were unchanged, and a hypothetical pure income effect from one indifference curve to another if prices were unchanged. Greater realism adds complexity and dimensionality of the model, and estimating any given model's parameters would require randomized trials or statistical inference from observational data, but even the simplest possible economic model of food choice illustrated in Figure 3 allows for many useful thought experiments yielding testable predictions. A change in nutrition knowledge might shift preferences towards fruits and vegetables, drawn as a change in the indifference curves to be steeper at each point, leading consumers to move along their budget line towards higher intake of these healthier foods. Vouchers to buy more fruits and vegetables would be drawn as a rightward shift in the budget line, with a horizontal segment starting from the vertical intercept that might result in the same predicted choice as a cash transfer. Each of these predictions can be tested using observable data, and model parameters can be estimated to make out-of-sample predictions and analyze the cost-effectiveness of alternative policies.
Figure 3 provides a structural model in which observed behavior is explained as the result of individual choices, leading to societal outcomes that depend on institutional arrangements, cultural traditions, or government policies. The mathematical structure of economic models typically use optimization to represent each individual person's choices as the best (or least bad) of their options given their preferences and constraints, with societal outcomes modeled as the result of interaction among individuals. These economic models are systems of equations that aim to capture specific causal mechanisms in society, just as biochemical models aim to capture causal mechanisms inside the body, with specialized models to explain particular kinds of data.
Practical applications of models like Figure 3 rely on the idea of revealed preference, using observed choices to reveal peoples' underlying preferences for their own well-being (Varian 2005) . Nutritional concerns arise because the long-term consequences of eating one food instead of another are unknown. Our food preferences formed over millennia based on trial and error, leading to a wide variety of dietary patterns and culinary traditions around the world. Existing dietary patterns enable survival and reproduction under historical circumstances but do not necessarily select for longevity and well-being today. What is inside each food, and how food composition affects health, remains unknown in part because many important components cannot be seen or tasted, and many careful observations over time would be necessary to detect a link between food intake and health. Data on food composition and its effects on health are improving rapidly, with great variation in the degree to which the healthfulness of foods is known to nutritionists and to consumers.
Differences in nutrition knowledge can help explain some of the wide variation in food consumption seen around the world and over time, but many other factors are likely to intervene. People may systematically choose foods which they know to be unhealthy, perhaps because they are pursuing other objectives such as taste (Binkley and Golub 2011) and convenience (Capps et al. 1985) , or because of psychological constraints on decision-making such as impatience and inattention that are studied in the field of behavioral economics. Food choices are heavily influenced by interpersonal relationships within families and households or other groups that cook and eat together, while food marketing and policy preferences are also influenced by the symbolic importance of food as a signal of social values (Lusk 2018) . The following section considers how these preferences relate to underlying physiological links between dietary intake and health.
Biomedical influences on nutritional status
Modern nutrition is a relatively new field in the biomedical sciences, based on the mid-20 th century isolation of individual vitamins followed by discovery of many other compounds and aspects of food related to human biology and health outcomes. Directly comparing alternative diets in randomized control trials is costly and logistically difficult, and the generalizability of small studies is limited by differences in confounding factors across a diverse population. Knowledge often rests on inferences from biochemistry, animal trials and epidemiological studies, leading to active debates about the validity of nutritional advice (Ioannidis 2018; Mozaffarian et al. 2018 ). Here we survey some of the insights from nutrition science that are most relevant to food choice and preferences.
Macronutrients
Nutritional analysis begins with dietary energy provided by three macronutrients -fats, proteins, and carbohydrates -each of which has specific roles and can also be metabolized for energy (calories). Carbohydrates are the body's main source of fuel, but if there are insufficient carbohydrates in the diet, fats and proteins will be used for energy instead. Fats or lipids improve the satiety of meals, are essential for the absorption of fat-soluble vitamins and play other roles in metabolism. Proteins are necessary for maintaining fluid balance, for building body structures and for synthesizing compounds such as hormones and enzymes. Excess energy from all macronutrients cause weight gain and eventually an increased prevalence of overweight and obesity, including among children (FAO 2017), while inadequate nutrition can limit child growth and cognitive development, affecting an estimated 155 million children in 2016 (FAO 2017; Black et al. 2013; Sudfeld et al. 2015; Black et al. 2015; Alderman and Fernald 2017) . Even within energy balance, the quality of energy sources is increasingly understood as influential on health outcomes . For example, complex carbohydrates have different effects on diabetes risk than simple carbohydrates, and omega-3 fatty acids pose different cardiovascular risks than saturated fats.
The share of dietary energy provided by each macronutrient changes gradually, with Bennett's law for starchy staples generally leading people at higher incomes to derive a smaller share of total energy from carbohydrates and a higher share from fats, but there is significant variation over time and space (Gerbens-Leenes et al. 2010) . Over time in the United States, for example, the USDA (2015) estimate of total carbohydrates in the food supply declined gradually from 58 to 46 percent of calories during most of the 20 th century, with a corresponding rise in the share of total fats as protein's share remained around 12 percent. The longstanding decline in carbohydrates' share ended abruptly in 1975 and was followed by a sharp reversal from 1985 to 1997, back up to above half of all dietary energy after which it fell again to 46 percent of total energy in the 2000s. The unexpected reversal of Bennett's law in the U.S. during the 1980s and 1990s, when carbohydrates rose as a share of dietary energy, is also visible in NHANES survey data (CDC 2004) . In both USDA and CDC data, some of the change in total carbohydrates is from fluctuation in various kinds of sugar, but most is due to processed starchy staples.
Changes in macronutrient consumption and energy balance have many influences on nutritional status, and are a key feature of nutrition transition. There has been a particularly rapid rise in overweight and obesity in Latin America such as Brazil where 1 of 7 adults was obese in the year 2009 (Conde and Monteiro 2014), and Colombia where obesity coexists with stunting (Sarmiento et al. 2014) , as well as lower income countries such as India, where increasing obesity coexists with widespread undernutrition (Siddiqui et al. 2017) . Many communities experience malnutrition in multiple ways, most notably the triple burden of high child stunting, adult overweight, and persistent micronutrient deficiencies (Meenakshi 2016) . These multiple burdens of malnutrition in all its forms account for a high and rising fraction of all development risks, especially in locations experiencing prolonged civil conflict and insecurity (Finaret 2016 , FAO 2017 .
Micronutrients
Micronutrients -vitamins and minerals -are essential compounds that are needed in small amounts in the diet, and do not contain calories for energy. While early nutrition researchers focused on the links from individual micronutrients to specific diseases ), more recent efforts have turned to combinations of foods and dietary patterns that provide adequate nutrients and help maintain energy balance and long-term health. For most people, getting enough vitamins and minerals in a balanced diet is possible by eating a wide variety of plant-and animal-based foods including vegetables, fruits, nuts, whole grains, dairy, and meat, with certain vitamin and mineral supplements generally recommended only for specific life-stage and growth needs such as pregnancy and lactation. While a balanced diet could provide adequate nutrients, about two billion people around the world are deficient in one or more micronutrients (Brugh et al. 2018; Miller and Welch 2013) , and the key nutrients of concern are vitamin A, zinc, iodine, and iron, all of which are found in high quantities in animal sourced foods (Black et al. 2013; Hasler et al. 2018) . High prices in lowincome countries are a significant barrier limiting access to these perishable and hard-to-transport foods (Headey et al. 2018 ), whose consumption is associated with helping children achieve their growth potential ).
Non-nutrient compounds
Beyond the essential nutrients, diet quality measurement concerns a variety of other compounds found in foods, such as contaminants and additives, due to their relationship with nutrition indicators of interest and other health outcomes. Protection from stunting, for example, is dependent on a safe food supply, because frequent gastrointestinal infections can pull children off their growth curves (Headey et al. 2018) , and diarrheal disease caused about 500,000 deaths of children under age 5 in 2015 (Kotloff et al. 2017) . Foodborne illness data is limited in low-and middle-income countries (Grace 2015) , but exposure to mycotoxins such as aflatoxin are known to be associated with poor nutritional outcomes (Etzel 2014) . In conjunction with nutrition science as it turns towards gut-health interactions, applied economists are investigating causal pathways for environmental enteric dysfunction caused by continual exposure to fecal-oral contamination (Geruso and Spears 2018). Several current explorations are integrative and address whole food systems, including the risks from having livestock near living spaces (Hasler et al. 2017) . Even without threats of contaminants on the farm or at home, soil health contributes to food safety through mineral balances, especially phosphorus (Mylona et al. 2018) . While food systems mature to be able to cope with increased demand for new, healthier, and diverse diets, it is important that food safety is not neglected for other priorities.
Economic influences on individual and household dietary patterns

Incomes
For most of human history and for many people today, poor diets are primarily a symptom of poverty, as malnourished people lack the means to produce and consume things that others have available to them (Sen 1981) . Metabolic constraints ensure calorie balance over time , with sustained changes in dietary energy per person as in Figure 1 due primarily to shifts in age, height and weight, with some additional effect of changing health and physical activity, food waste and other factors. These biological constraints drive empirical regularities in food consumption associated with income, notably the 19 th century observation known as Engel's Law that total food consumption changes less with income than demand for other things, and the 20 th century finding known as Bennett's Law shown in Figure 1 as diversification away from starchy staples (Norton et al. 2014 ). Response to rising incomes include greater food security, meaning less experience of hunger and more consistent ability to obtain desired foods, as well as shifts in diet composition towards more animal sourced foods (ASF), more processed foods (Drewnowski and Popkin 1997; Zhou et al. 2015) , and more food away from home (FAFH) (Jabs and Devine 2006 , Popkin 2017 . These choices form patterns that persist over the life cycle , so income changes have both short-and long-term impacts on food choice.
Incomes affect nutrition not only through an individual's own purchasing power, but also through their food environment in the sense of others' activity around them (Turner et al. 2018) , and indirectly through time constraints (Rose 2007; Monsivais et al. 2013; Smith et al. 2013 ). The availability of nutritious foods is a determinant of dietary patterns, and a rich body of research on this topic has emerged, particularly in the public health literature regarding 'food deserts.' In the public health field, these studies typically examine the associations between distance from grocery stores and obesity, as in Rummo et al. (2014) in the context of critical perspectives such as Otero et al. (2015) . In developing country contexts, investigations of food availability typically incorporate the role of local agricultural production as well, as in Herforth and Ahmed (2015) and Rosenberg et al. (2018) . The role of food availability is important to examine, and this work has shifted from national-level food availability studies to the more useful but less frequently conducted householdlevel studies, as outlined carefully in Burchi and De Muro (2016) .
New food processing, packaging and marketing techniques have responded to and shaped consumer preferences, bringing a sharp rise in the levels of added salt and other flavorings as well as sugar and other refined carbohydrates, including sugar in caloric beverages consumed as packaged foods or FAFH (Popkin 2017; Piperata et al. 2011) . Increased use of these foods, as opposed to meals prepared at home in traditional ways, is linked to weight gain and rising body-mass index (BMI) among children and adolescents as well as adults, and larger fractions of each population classified as overweight or obese (Drewnowski and Popkin 1997; Abarca-Gómez et al. 2017; Ng et al. 2014; Ford and Dietz 2013; Ezzati et al. 2017) . In low-income countries, it is usually richer people who can afford more of these foods and are more likely to become obese, while that wealth gradient reverses as national income rises so in high-income countries it is poorer people who consume less healthy foods and are more likely to become obese (Monteiro et al. 2004 , Ford et al. 2017 ).
The per-capita average diet in higher-income countries generally includes more healthy items than in low-income countries, but also includes more unhealthy items Clements and Si 2015) . Similar shifts in diet composition have been observed in Africa (Worku et al. 2017) . Looking within countries, indices of overall diet quality such as the Healthy Eating Index (HEI) suggest some convergence between higher-and lower-income individuals in the U.S. (Beatty et al. 2014) , as incomes and dietary preferences shift over time. Salois et al. (2012) , Ogundari and Abdulai (2013) , Ali et al. (2018) , and Colen et al. (2018) find substantial variation in income elasticities across different contexts, and other settings where diet quality is not associated with income but linked instead with age and education (Gao et al. 2013 ).
As incomes grow, people typically improve food quality rather than quantity (e.g. Loos and Zeller 2014) , with changes in total calorie intake tied primarily to changes in body size (Worku et al. 2017) . In countries where a large proportion of the population receives income in the form of remittances from abroad, consumption volatility may be reduced but chronic undernutrition was not improved with these remittances (Thow et al. 2016) , indicating that households may be increasing the quality rather than quantity of calories when incomes rise. Whether short-term changes in national average income reduces the prevalence of child undernutrition has been subject to some debate (Vollmer et al. 2014 , Alderman et al. 2014 , O'Connell and Smith 2016 Cummins and Aiyar 2018) . This debate is related to the literature on dietary response to macroeconomic shocks such as the recession that began in 2007 ), although there is some evidence that local unemployment rates are negatively associated with diet quality (Dave and Kelly 2012), and that economic insecurity is positively associated with obesity (Smith 2011) .
Safety nets and transfers play a key role in mediating the link between household income and diet quality (Barrett 2002 , Brugh et al. 2018 ). As in low-income countries, high-income places such as the United States often provide safety nets for food consumption, such as school meals or the U.S. program for Women, Infants and Children (WIC), or vouchers and electronic benefit cards with a fixed cash value to buy eligible products such as the U.S. Supplemental Nutrition Assistance Program (SNAP), sometimes with discounts and encouragement to buy healthier foods (Wilde et al. 2016) . However, another example using Mexico data found that the effects of cash transfers on household nutritional status is very small due to substitution effects within staple food groups (Skoufias et al. 2011) . Policies can also strategically invest in certain types of food outlets than others, depending on the specific socioeconomic characteristics of the communities at-risk for food insecurity (Taylor and Villas-Boas 2016) . Large aggregate price shocks in the context of economic shocks such as recessions may induce large changes in estimated price and income elasticities (Dimova et al. 2014) , necessitating careful attention paid to elasticities when designing policy.
Prices
Along with incomes, relative food prices are a major determinant of dietary patterns, and recent food price shocks in 2008 and 2011 have focused more attention on food affordability and scarcity. In the U.S., healthier dietary patterns have been estimated to cost about $1.50 per day more than less healthy dietary patterns (Rao et al. 2013 ). In the model above (Figure 3) , changing relative prices are reflected by rotations of the budget constraint. Own-and cross-price elasticities of food demand are complicated by variation in the time cost of preparing different foods, and covariance in the costs of similar foods that could substitute for each other and drive differences in diet quality, leading to the development of new food price indexes that reflect the overall cost of healthy diets . Food prices and consumption may be heavily influenced by changes in food away from home which is often poorly measured, which could help explain paradoxes in measured consumption (Smith 2015) .
Shocks to the prices of individual foods or food price indices can affect welfare in different ways, depending on whether people are net food sellers or buyers (Ivanic and Martin 2008; Lederman and Porto 2015) . The most recent and pervasive shocks to global food prices have been in 2007-2009 and 2010-2011 . During these periods, the prices of staple foods such as corn, wheat, rice, and soybeans rose significantly, increasing by between 50 percent and 300 percent over the baseline (PinstrupAndersen 2015; Headey and Fan 2008) . The negative effects of food price volatility were higher in rural areas than urban areas in six African countries, and were higher in countries with only one major staple crop compared to several staple crops (Yu and Shimokawa 2016) . Households in Latin America and in Africa spend a substantial proportion of their budgets on commodities, but these households also often produce commodities as part of their livelihood (Lederman and Porto 2015) .
The relationship between food prices and dietary patterns depends on the nature of food price changes and the livelihoods of people affected by the price changes. People living in poverty are affected most (Headey and Fan 2008) , but baseline conditions also matter. The impacts of a price increase of a local food basket on diets during the food price crisis in Nepal did not vary based on income level because households that were poorest also had rising incomes over the same period, and all households had poor dietary quality at baseline regardless of the crisis (Akhter et al. 2016) . Examining the welfare impact patterns in uncertain political and environmental contexts is essential. Worldwide, aggregate food prices are expected to increase on average in the future, as well as be more volatile (von Braun and Tadesse 2012; Webb 2009) , and higher food prices are associated with food insecurity and lower dietary quality (Brinkman et al. 2009; Chang et al. 2016) . Since 1950, fruit and vegetable prices have increased in real terms (Christian and Rashad 2009). In India, relative prices for nutrient-dense vegetables have risen faster than relative prices for less nutrient-dense cereal crops (Meenakshi 2016) .
A large body of literature in applied economics estimates own-and cross-price elasticities of foods using systems of demand equations such as the foundational Almost Ideal Demand System (AIDS) (Deaton and Muellbauer 1980) . Extensions of this demand system including the Quadratic-AIDS model have demonstrated that cash transfers would be a better policy response to local price increases compared with price subsidies (Attanasio et al. 2013) . In another example, the LinearApproximate AIDS estimated that the demand for sugar sweetened beverages in Mexico was relatively elastic at >1 (Colchero et al. 2015) . Using Monte Carlo Markov chain methods to extend the AIDS to foods that are purchased infrequently, Tiffin and Arnoult (2010) find that households with children have much lower demand for fruits and vegetables in the United Kingdom.
In an analysis of a consumer expenditure survey in India, own-price price elasticities within the group of pulses were high and there was high substitutions between types of pulses (Umanath et al. 2016) . Using theoretically consistent whole demand models can also demonstrate the differential welfare effects of government policies on key demographic groups, such as for dairy regulation in the U.S. (Chouinard et al. 2008 ). These models can also be used to predict food demand in the future, although substantial uncertainty remains (Gouel and Guimbard 2017) . Deriving compensated demand elasticities across food groups shows that different foods have different roles in the diet: some foods are necessities and others are luxuries, and this classification depends on income (Clements and Si 2016).
In economic models, the demand for nutrition can be separated from the demand for taste to examine the effects of changing circumstances (Silberberg 1985) . Integrated models of demand which take disaggregated food groups into account are useful for understanding how dietary patterns change with the prices of individual foods, allowing for estimates of compensated and uncompensated own-and cross-price elasticities (Attanasio et al. 2013 ). However, the specific method and type of data used makes a difference when estimating price elasticities (Gibson and Rozelle 2011; Teklu 1996) , and meta-analyses of elasticity estimates may in fact be the most informative for guiding policies (Cornelsen et al. 2016, Ogundari and Abdulai 2013) . Modern modeling of food demand using full demand systems in the U.S. and elsewhere could benefit from incorporating household production theory (Huffman 2011) . Some empirical studies address household production theory indirectly, such as in Loos and Zeller (2014) . The role of household production theory is especially important when studying the linkages between agricultural production and health status, which is a growing area of research (Pingali and Sunder 2017; Huffman 2011).
In the U.S., lower-income consumers have coping strategies when grocery shopping such as using store loyalty cards, but other strategies such as coupon use, shopping with a list, and reading nutrition facts labels are less accessible (Chang et al. 2016) . Using an agent-based modeling simulation, nutrition scientists have examined food choice behaviors and found that the price of a food per calorie is the main metric that people with low incomes use in deciding what to purchase (Beheshti et al. 2016) . Price increases for fast food, as measured by the Fast Food Price Index (FFPI), were associated with improved dietary quality. However, contrary to what would be expected, increased prices for fruits and vegetables as measured by the Fruit and Vegetable Price Index (FVPI) were associated with reductions in BMI and improvements in dietary quality (Beydoun et al. 2008 ). In the U.S., the richest adults are less likely to consume fast food compared to the poorest adults, but the differences between the richest and poorest cohorts is not large (Zagorsky and Smith 2017) .
People living in countries with lower average incomes also have coping strategies when prices spike. In Senegal and the Republic of Congo, currency devaluation may support export markets, but also makes imported food more expensive, which negatively affects urban food purchasers who may resort to coping strategies like meal-skipping, and reducing consumption of fruits, vegetables, and fats (Fouere et al. 2000) . In Vietnam, price increases induce changes in the composition of the diet, including a larger expenditure on rice as a starchy staple (Hoang 2018) . There is typically an inverse relationship between the income and the price elasticities of foods (Beydoun et al. 2008; Green et al. 2013 ).
Governments may use prices as a lever for influencing consumer dietary choices. Economic analyses can help identify the most cost-effective ways for those taxes to be levied. Due to the regressiveness of sales taxes on foods (Muller et al. 2016) , food security advocates have cautioned against the use of Pigouvian taxes for foods deemed unhealthy, and other experts find that excise taxes would be preferable to ad valorem taxes (Etile and Sharma 2015) . In the context of a new hypothetical tax on added sugar, for example, equity across consumers may be ameliorated by subsidies on healthier foods and by taxing and subsidizing nutrients instead of foods (Bishai 2015) . But under this system, disproportionate benefits would still be gained by those with higher incomes (Muller et al. 2016) , and disproportionate losses would be felt by those with lower incomes. Estimating specific nutrient elasticities across many situations and contexts may be necessary in order to design an appropriate Pigouvian tax for foods, added sugars or saturated fats. Similarly, depending on the type of foodaway-from-home and its elasticity, consumers will respond differently to food taxes. Using an instrumental variables approach, Richards and Mancino (2013) find that food consumed away from home is price elastic, and that fine dining is much more price elastic than fast-food, indicating that taxing fast food is unlikely to improve dietary quality or improve nutritional status in low-income populations (Richards and Mancino 2013) .
Preferences
A central concern for nutrition economics is whether a person's food choices accurately reveal their preferences for current and future wellbeing, or may be distorted in systematic ways such that intervention would improve outcomes. Through early interactions with food and family at home, children learn habits that shape their lifelong relationship with food (Benton 2004) . The indifference curves shown in Figure 3 illustrate a set of preferences that may be stable over time and reflect levels of well-being, but could also reflect many other factors even at similar levels of income (Dubois et al. 2014 ) with wide variation across and within countries in the role of brand names (Ahmad and Anders 2012; Bonroy and Costantatos 2014) and credence attributes such as perceived food safety (Grunert 2005; Vandeplas and Minten 2015; Ortega and Tschirley 2017) .
Food choices might fail to reflect health and well-being due to many kinds of distortions, ranging from problems of intra-household allocation and decisionmaking (e.g. , to cultural persistence (Atkin 2013; Lazaro et al. 2017) and asymmetric information about differences in nutritional value of manufactured foods such as breakfast cereals (Lin et al. 2017) or infant foods . Despite stated preferences that suggest widespread demand for higher quality, market shares for premium foods remain limited even in high-income countries (Lusk 2018) . Reducing information asymmetries about credence attributes through food labels may increase consumer well-being but could also increase market fragmentation (Bonroy and Costantatos 2014).
Accurate labeling can increased the likelihood that healthier items would be chosen , but even if consumers understand the health benefits of dietary change and have incentives to make healthier dietary choices, it is difficult for them to actually change their diets (Hut and Oster 2018) .
Methods from behavioral economics and psychology can examine the role of cognitive biases in dietary choices, such as reference dependence (Hu 2007) . Choice experiments have demonstrated that consumers are interested in the carbon footprint of their foods, but specific food types and prices are still the primary influencers on food purchases (Apostolidid and McLeay 2016) . Other choice experiments find evidence that generic information on nutrition labels is of less interest than specific, customizable information about foods related to a person's own health (Balcombe et al. 2016) , even though the evidence base is weak for linking specific foods to specific diseases. Due to several social movements including those that promote local food, organic food, and food sovereignty, people can now purchase foods that have different environmental impacts than conventionally grown foods, and 'sustainable diets' are gaining traction among consumers (Blackstone et al. 2018; Johnston et al. 2014; Tilman and Clark 2014) . Beef and other meat marketing strategies will begin to adapt to increased media coverage of climate change and sustainability, given the negative association with beef demand (Tonsor et al. 2018 ).
The role of government in consumer food choices arises mainly through efforts to increase information about nutrition and food attributes to the public through regulation, labeling, and dietary guidelines, which shift the relationships between food intake and nutritional status through the intensive margin (Beatty et al. 2014 , Barrett 2002 . However, messages about nutrition may be difficult to tailor across diverse populations. In examining the demand for whole-grain bread before and after the release of the Dietary Guidelines for Americans (DGA) in 2010, which urged people to consume at least 50% of their grains from whole-grain (WG) sources, Mancino and Kuchler (2012) find that effects differ depending on incomes. Higher income consumers increased their consumption of WG after the 2010 DGA, and lower income consumers did not (Mancino and Kuchler 2012) . Government policies will also have different consequences depending on consumer expectations about future food availability, as demonstrated for China by Shimokawa (2013) . The author finds that improvements in dietary knowledge will reduce calorie intake when expected food availability is increasing, such as within the context of an in-kind transfer or a reduction in prices. In contrast, when expectations of future food availability are decreasing, such as in the face of increasing prices, dietary knowledge will affect the quality of the diet but not the quantity of calories consumed (Shimokawa 2013) .
Nutritional recommendations from government agencies have different effects depending on how foods are intertwined in the diet (Irz et al. 2015) . Some models attempt to combine economic and epidemiological methods to simulate how food choices change with respect to different policy options. Accounting for consumer preferences as well as the nutritive value of foods, Irz et al. (2015) found that recommendations to reduce salt and increase fruit and vegetable consumption were more cost-effective than recommendations to increase fiber intake or reduce cholesterol. Policies should attempt to balance health benefits against the costs of giving up tastes that people like (Irz et al. 2016 ). This concept is consistent with economic thinking about marginal costs and benefits as illustrated in Figure 3 , but is not necessarily consistent with conceptual frameworks in public health nutrition that focus on a single outcome as in the causal pathways of Figure 2 .
New areas of focus for nutrition economics
Economics research about nutrition has followed changes in other kinds of research on agriculture, food and health, with rapid adoption of new statistical methods and data sources for environmental as well as socioeconomic and biological variables. With each passing year, more observations from an increasingly diverse range of circumstances become available, improving generalizability and contextualization of findings . One key trend is the use of data over longer time spans to detect the later impacts of early-life shocks, relying on randomness in exposure for natural experiments in observational data. The literature on the developmental origins of disease spans several other disciplines including economics, and is based on the work of David J. Barker who posited that adverse conditions during pregnancy could affect child development and adult health outcomes (Barker 1990 ).
The effects of an adverse shock during gestation, infancy, or young childhood depend on the exact nature and timing of the shock, and thus the biological etiology of disease is especially important to incorporate in analyses. A current focus of the nutrition field is on mothers, infants, and young children due to the possibilities for this cohort of preventing malnutrition and its comorbidities, achieving higher benefit-to-cost ratios for programming activities, and addressing the immense impact of malnutrition on child mortality (Black et al. 2013) . A recognition that malnutrition and its associated morbidities is rooted in inequalities of many kinds is emerging (Perez-Escamilla et al. 2018) , which invites the expertise of applied economists for the measurement of social and economic variables, causal inference, and understanding the mechanisms behind food choices and dietary change, including randomized trials of incentives for individuals (Wilde et al. 2015) and caregivers Masters 2017, 2018) .
Incorporating data on agriculture, environment, and climate variables enhances the use of early-life shocks for identification in nutrition economics. This understanding has led to several important strands of literature in the area of linkages between agriculture and health (Pingali and Sunder 2017), although some studies in the public health literature do not incorporate economic thinking and instead focus on nearby food supplies as a static risk factor, such as in Krebs-Smith et al. (2010) . Methods from behavioral economics such as choice experiments have the potential to increase internal and external validity especially when using 'big data' such as in Lusk (2017) , with the accumulation of diverse datasets allowing identification of previously hidden forms of bias and measurement error such as Larsen et al. (2019) or Finaret and Hutchinson (2018) . More and even better data on the agriculture-nutrition-health nexus, especially from low-and middle-income country contexts, would advance the field, as would better inclusion of scholars from those regions.
The measurement of agriculture, climate, and environmental variables using remotely sensed data and improved climate simulation models increases the potential for understanding the causal mechanisms behind nutrition outcomes, as does the disaggregation of food demand models into varieties of key commodities. Measurements are also improving for other key variables, such as prices , healthy eating (Guenther et al. 2013) , food acquisition, dietary diversity (Martin-Prevel et al. 2017) , and malnutrition (Webb et al. 2015) . Using geocoded data has improved the ability to merge observations spatially and temporally (Ricketts 2003) , allowing for analyses of the nutritional implications of food systems from field to fork to fettle.
Perhaps the most significant contribution of economics to the field of nutrition is improved causal inference, especially for questions that cannot be answered with ideally-designed randomized control trials. Faced with substantial criticism about evidence in nutrition science (Ioannidis 2018), those interested in studying nutrition outcomes can use empirical strategies from applied economics, to improve research and communicate results more effectively. Ioannidis (2018) calls for more largescale randomized controlled trials in nutrition science to build a rigorous evidence base on the etiology of disease. Funding for those trials would be desirable but may not be forthcoming, and even when randomized trials are done nutrition researchers could benefit from using economic methods such as falsification tests with placebo outcomes, bounds on possible bias from selective attrition, and randomization inference to the limitations of any finite sample. Applied economics can help with understanding mechanisms for changes seen in nutritional outcomes, potential confounders in observational data, as well as developing empirical strategies to address confounding and bias.
Conclusion
Food consumption and health outcomes involve a complex web of simultaneous changes. Economists interested in nutrition aim to disentangle the effects of specific interventions and other changes one at a time, in relation to the system as a whole and in the context of a changing climate. Until the late 20th century, the primary concern in agriculture and the food system was to meet energy needs associated with population growth, economic development and consumer demand. More recently, concerns about other aspects of food have led to a new economics of nutrition that focuses on diet quality and its implications for health and human development, including the rapid spread of obesity and diet-related diseases alongside continued micronutrient deficiencies, food safety concerns, the changing determinants of dietary patterns, and other interrelated challenges.
The new economics of nutrition reveals how individual and community-level differences in income, prices, and preferences about food attributes drive food choice and health outcomes, mediated by differences in biological and agroecological conditions as well as culture, habits, traditions, and social norms. Going forward, more analyses of the structures that influence dietary choices will help complement work in economics and nutritional epidemiology. Given that dietary change towards disease-preventing dietary patterns is highly context-specific, research should aim to inform and influence policies for nutrition improvement that take account of heterogeneity and change over time among individuals and communities. Extending research beyond calories reflects past achievements in raising food supplies to meet energy needs, leading to a focus on diet quality as described in this review.
